We investigate charge pumping in semiconducting carbon nanotubes by a travelling potential wave on the surface of a piezoelectric quartz substrate. We estimate the magnitude and profile of the potential wave as its passes the nanotubes and show how this results in the pumping of charge in packets. By tuning the potential of a side gate, transport of either electron or hole packets can be realized, reversing the direction of the current. We furthermore discuss a specific device in which the current shows a distinct plateau as a function of gate voltage, wave amplitude and frequency. Interestingly, the current plateau appears at a value of ef , where e is the electron charge and f the frequency of the potential wave. We discuss possible mechanisms that would lead to current quantization in our devices.
Introduction
In the last two decades there has been considerable theoretical and experimental interest in charge pumping in mesoscopic systems [1] [2] [3] [4] [5] [6] [7] . Of particular interest are devices in which a fixed number n of electrons are transferred during a pumping cycle and the current is quantized in units of ef , where e is the electron charge and f is the perturbation frequency. Besides being of fundamental interest, such single-electron pumps are of practical importance in metrology because of their potential to provide an accurate frequency-current conversion which could close the measurement triangle relating frequency, voltage and current.
Theoretically, a number of regimes of charge pumping exist. There is a classical regime in which the transfer of charge is analogous to the pumping of water by an Archimedean 3 These authors contributed equally to this work. screw. When this principle is combined with Coulomb blockade it is possible to pump a fixed number of electrons n per cycle, with an accuracy set by thermal and quantum fluctuations. Previously, a realization of quantized current I = nef based on this idea has been achieved in two different ways: first, using devices comprising charge islands and controlled by a number of phase-shifted ac signals [3, 4, 7] ; and second, using one-dimensional (1D) channels within a GaAs heterojunction where a surface acoustic wave (SAW) produces travelling potential wells which convey packets of electrons along the channel [5] . For metrological applications, the delivered current should be in the range of 1 nA and at present only the SAW single-electron pumps satisfy this requirement. However, the accuracy of the SAW pumps must be improved significantly.
There is also a quantum regime of pumping, first described by Thouless and Niu in which quantum interference plays a key role [1, 2] . In this mechanism a travelling periodic perturbation induces minigaps in the spectrum of a 1D electronic system. When the Fermi level lies within a perturbation induced minigap, transport is adiabatic, and an integer charge is transferred during a cycle, resulting in a quantized current flowing without dissipation. From a fundamental point of view, this mechanism represents a new macroscopic quantum phenomenon reminiscent of the quantum Hall effect and of superconductivity.
It has recently been suggested that the combination of a metallic single-wall carbon nanotube with the periodic travelling potential of a SAW would be an ideal embodiment of the Thouless pump [8] . An advantage of nanotubes over semiconductor 1D electronic systems is the significantly larger (by an order of magnitude) minigaps achievable for a given spatial period of the perturbation. When electron-electron interactions, which are strong in carbon nanotubes, are taken into account, even larger gaps in the spectrum are expected [8] , increasing the degree of adiabaticity and hence the accuracy of the quantization. Such devices may also produce fractional values of n [9, 10] or even result in pure spin currents [11] . Carbon nanotubes are also expected to offer advantages in the classical regime of quantized charge pumping, which relies on Coulomb interaction between electrons, because the charging energies achievable in nanotubes can easily be in excess of 10 meV, significantly larger than in the pumps described in [3, 4, 7, 8] .
In a first experimental study, we have recently demonstrated charge pumping in semiconducting carbon nanotubes by the travelling potential of a SAW [12] . We showed that the SAW-induced currents are consistent with a (entirely classical) transport mechanism in which packets of electrons or holes reside in the potential minima or maxima of the wave, respectively. We furthermore found that the polarity of the current could readily be altered (in ambipolar devices) by tuning the potential of a side gate. A quantized current was not observed. In the present paper we will discuss in some detail the experimental aspects of the SAW-nanotube devices. In particular, we will provide an estimate of the magnitude and spatial profile of the SAW potential at the nanotube contacts. The SAW potential amplitude is a crucial parameter in these experiments and can be compared to other energy scales such as the semiconductor gap energy E gap and the Coulomb charging energy E C of the nanotubes. We will furthermore review some of the experimental data of the SAWinduced current in ambipolar carbon nanotube devices and its explanation in terms of transport in packets of charge. In the last part of this paper we will discuss the recent observation of a stable current plateau at a value of I = ef in a Pd contacted nanotube and discuss possible mechanisms that could lead to current quantization.
Experimental details
An example of the type of device that we consider is shown in figure 1(a) . It consists of a contacted single-wall carbon nanotube that lies in the path of a SAW, generated by transducers on either side of a polished 36
• y-cut piezoelectric quartz substrate. The carbon nanotubes are grown by chemical vapour deposition (CVD) using the method described in [13] . We use quartz for the piezoelectric substrates because it is an excellent insulator and compatible with CVD growth of high-quality carbon nanotubes. We found that LiNbO 3 , a much stronger piezoelectric, is incompatible with CVD growth and has the additional disadvantage of being ferroelectric at cryogenic temperatures.
After CVD growth, the carbon nanotubes on the quartz substrates are located with respect to alignment marks using atomic force microscopy. Those nanotubes with diameters in the range 1.5-5 nm and approximately parallel to the SAW direction are selected and contacted using standard e-beam lithography techniques. The nanotube contacts are made by thermal evaporation of ∼50 nm of either Ti, Au or Pd. In figure 1 (c) the separation between the source (S) and drain (D) electrodes is 1 µm. The distance to the side-gate (G) is ∼500 nm.
The transducers typically consist of N = 60 finger pairs of 10/40 nm of Ti/Al. The SAW wavelength λ is determined by the period of the transducer fingers; see figure 1(b). The SAW velocity v SAW on our quartz substrate is approximately 3200 m s −1 . For a typical wavelength of λ = 1 µm, as in figure 1, this yields a resonance frequency f = v SAW /λ of ∼3.2 GHz. Since the carbon nanotubes cover the complete quartz substrate after CVD growth, we often find that the transducers are shorted by (bundles of) nanotubes. This affects the transducer efficiency if the dc resistance is low enough to be comparable to 50 . Fortunately, this problem has always been successfully eliminated in our devices by ramping a large dc voltage (typically ∼30 V) across the shorted transducers until the nanotubes are destroyed. The reflectance and transmittance of the transducers of figure 1(a) measured with an HP8510C network analyser and HP8514B S-parameter test-set are shown in figures 2(c) and (d ). As expected, the transmittance shows a peak at a frequency of ∼3.2 GHz. Direct electromagnetic radiation between the transducers sets the background value of the transmittance which, for this device, amounts to ∼ −55 dB. Note that our sample holders have been carefully designed to minimize direct electromagnetic radiation and most devices show a lower value of the background transmittance (typically ∼ −85 dB).
The small oscillations superposed on the transmittance peak are due to interference (cross-talk) between the relatively slow SAW field and the radiated electromagnetic fields. The period of 1.9 MHz is directly related to the distance L T between the transducers: f = v SAW /L T . This implies that L T = 1.7 mm which indeed corresponds with the actual geometry of the device (see figure 1) . We have so far studied six different devices with considerable variation in the amount of cross-talk observed in both the measured transmittance S 12 and SAW-induced currents in the nanotubes (see figure 5 , section 6). No qualitative difference has been observed in the measurements that could be related to either the transducernanotube distance (varied between 0.7 and 2.5 mm) or the level of cross-talk.
Estimate of the travelling SAW potential
Before describing the dc transport characteristics of the carbon nanotubes and presenting measurements of SAW driven charge transport, we will first discuss in some detail the SAW amplitude and profile at the nanotube contacts. To obtain an estimate of the SAW potential travelling over the quartz substrate we follow standard analysis and model the transducer by the (simplified) equivalent circuit shown in figure 2(a) which (at its resonance frequency) comprises a static capacitance C t and a 'radiation' conductance G a which is determined by the total electric power that is converted into acoustic power by the transducer [15, 18] . This yields a transducer impedance Z = (G a + j ωC t ) −1 . Given a characteristic impedance Z 0 = 50 of the coaxial cables connected to the transducer, standard circuit analysis then allows us to calculate the effective voltage V trd applied to the transducer fingers for a given output power of our signal generator.
In a first approximation, the radiation conductance of the transducer at the SAW resonance frequency can be estimated by (see, e.g., [15, 17, 18] 
, where K 2 is the electromechanical coupling coefficient and C s the fingeroverlap capacitance per period per unit width (i.e. the effective permittivity). For our quartz substrate, we have K 2 = 0.12% and C s = 0 + p = 6 0 , where p ∼ 5 0 is the permittivity for quartz. Given a number of finger pairs N = 60, an overlap width W = 90 µm and a resonance frequency of 3.2 GHz, this yields G a = 0.53 mS. Although the above relation gives some insight into the most relevant parameters that determine G a , a more realistic estimate would take into account the finite thickness and reflections at the transducer fingers. This can be calculated using coupling-of-modes (COM) theory [14] . We carried out the calculation for our geometry, the results of which are shown in figure 2(b).
As can be seen, we recover our initial result for zero finger thickness h = 0 nm (dotted line). For the actual device we have h = 50 nm (solid line) and electrode reflections cause the response to peak at a slightly lower frequency and increased conductance G a = 1.7 mS. The static capacitance C t is given by C t = C s NW , which yields C t = 0.29 pF. Taking these values yields |Z| = 0.16 k for the magnitude of the transducer impedance at resonance. The amplitude of the oscillating voltage on the transducer may now be calculated as V trd = (1 + | |)V where V is the voltage amplitude on the attached 50 transmission line, and is the reflection coefficient at the transducer due to the impedance mismatch. This yields V trd = 5.9 V for an applied output power of 20 dBm (=100 mW, the maximum applied power in our experiments). The generated SAW power in one direction is half the power dissipated across the radiation conductance, i.e. P SAW = V trd 2 G a /4 = 15 mW. As introduced by Datta, it can then be convenient to use a transmission line picture for the SAW in which the power P SAW is simply related to the SAW amplitude by the relation P SAW = 2 /2Z act , where Z act is a characteristic impedance which is defined by this relation [15] . The characteristic impedance is determined by the properties of the substrate and width of the transducer (in units of λ) and is given by
.g., [15, 18] ). This yields Z act = 12.5 for the device in figure 1. This in turn gives a SAW amplitude = 0.60 V. Note that this value should be considered as an upper bound since it does not take into account any losses (dissipation) in the cabling (∼1.5 m in length) or transducer. We estimate the overall losses to be at least of order 3-6 dB (see figure 2(c)) which would reduce to about 0.42 V or less. Also note that the depth of the reflection dips at the resonance frequency is more than what is expected from the estimate of P SAW derived in the previous paragraph. The reason for this is unclear but could be related to a simultaneous excitation of bulk waves as in [19] .
An alternative estimate of P SAW may be made using the measured transmittance between the two transducers on opposite sides of the device at the SAW resonance frequency (S 12 = −45 dB; see figure 2(c)). Assuming identical transducers and a fully symmetric set-up, the same fraction of power is lost before and after the SAW reaches the nanotube contacts. For an applied output power of 20 dBm of the signal generator, this gives P SAW = 20 − 45/2 = −2.5 dBm which equals 0.56 mW and yields a SAW amplitude = 0.12 V. Note that this approach does take into account the losses in the cabling and transducers. The assumption of symmetry, however, implies that this value is most likely a lower bound on the SAW amplitude. For example, a slight asymmetry in the left and right transducer resonance frequencies would reduce the transmittance but not P SAW .
SAW potential at the metal contacts
The above calculations show that the expected SAW amplitude as it travels towards the nanotubes will be in the range 0.12 < SAW < 0.42 V for a signal generator output power of 20 dBm. For the SAW amplitude at the nanotube contacts, however, one would expect the electrodes to have a profound effect on the effective electric field or potential profile in its vicinity. To estimate the fields in the region of the nanotube we ignore the presence of the gate electrode and the nanotube itself. We also assume that the fields do not vary along the SAW wavefront. The source and drain electrodes then form a 2-electrode 'transducer'. This can be treated as a purely electrostatic problem in which the charges on the electrodes are such as to neutralize the parallel component of the SAW electric field.
The approach used to calculate the induced field is described in [20] which explicitly considers a system of two electrodes in the presence of a SAW. The results for our specific geometry are shown in figure 3 for two different phases of the SAW electric field. The parallel components of the fields are normalized by the maximum value of the unperturbed SAW field which is E max = 2π SAW /λ. Note that the integral of the total field in between the electrodes (i.e. the potential difference) should be zero since the source and drain electrode are effectively shorted at SAW frequencies. As can be seen in figure 3 , the electric fields by the induced charges on the electrodes can give a significant contribution to the total electric field. The corresponding potential profile for different phases of the wave has been used in figure 6 to estimate the band diagram of a semiconducting nanotube in the presence of a SAW field.
Carbon nanotube dc transport properties
Whether the SAW fields estimated above will drive (i.e. pump) any charge will, of course, depend critically on the transport characteristics of the carbon nanotubes as well. The dc transport properties of carbon nanotubes have been studied in detail. Most reported nanotube devices use a Si/SiO 2 substrate in which the (degenerately) doped Si can be used as a uniform backgate. As mentioned above, in our devices we use (piezoelectric) quartz as a substrate on which a side gate has been patterned (see figure 1 ). In our measurements we have found no differences between the dc transport properties of carbon nanotubes on thermal Si/SiO 2 and on quartz substrates although we have experienced a much reduced yield of working devices on the latter material. In what follows, we will discuss the dc transport properties and SAWinduced current for a Ti contacted semiconducting nanotube on quartz, the precise geometry of which is shown in figure 1 . Figure 4 shows a colour-scale plot of the current as a function of source-drain bias (V sd ) and gate voltage (V g ) in the absence of a SAW excitation. The device is measured in a helium dewar at a temperature T = 5 K close to the surface of the liquid helium but not immersed (this to avoid attenuation of a SAW when an rf signal is applied to the transducers). A rhomboid-shaped region of low conductance is observed in the centre (−5V < V g < 1V ) indicating that this nanotube 4 is indeed semiconducting (see also [12] ). The different transport regimes are depicted in the schematics of figures 4(a)-(c). An electric current is carried by holes or electrons for large negative or positive gate voltages, respectively. In between these regions the carbon nanotube is depleted of charge carriers and is insulating. As shown in figure 4(e) , the electron and hole currents are similar. In fact, the slightly higher conductance in the n-type regime than in the p-type is consistent with the expected difference in Schottky barrier height for electrons and holes at the Ti contacts. More resolved measurements (not shown) in the n-and p-type regions show Coulomb blockade oscillations with a charging energy of order 5-10 meV.
As figure 4 clearly shows, a current will still flow inside the insulating region if a sufficiently large source-drain bias V sd is applied. For a semiconducting nanotube the bandgap scales inversely with the nanotube diameter as E gap ≈ 0.84/d eV, where d is the diameter in nm [21] . Here the nanotube diameter is 2.5 nm which yields E gap = 0.34 eV. However, a significantly larger bias voltage needs to be applied before the electric fields at the contacts will be sufficiently strong to allow electrons (or holes) to tunnel into the nanotube. More precisely, figure 4(d ) shows that we need to apply up to 1.5 V of source-drain bias inside the insulating region. Note that the estimate of the SAW amplitude SAW obtained in the previous sections is of the same order as E gap but still well below the maximum dc threshold value of 1.5 V.
Charge pumping by the travelling potential wave
Having an estimate of the SAW potential profile at the nanotube contacts, and knowing the dc conductance properties of the nanotubes, we are now in a position to discuss the experimental data when rf power is applied to the transducers. Figure 5 (c) shows a colour-scale plot of the current as a function of gate voltage and SAW frequency for the device of figure 4 in the absence of applied bias. The applied rf power to the transducers is 20 dBm. As apparent from figures 5(a)-(c), the current is generated only within the narrow frequency range that corresponds to the passband of the transducer. Hence, it occurs only when a SAW is present and is not a result of rectification of 'airborne' rf fields. Figures 5(c) and (d ) show that (at 20 dBm) the current is present across the entire gate region in which the low-bias dc conductance is absent, reversing current in the centre and showing a peak located just outside the insulating region in each direction. On top of the two current peaks in figure 5(c) small oscillations with a period of 4.3 MHz are visible.
As discussed in some detail in [12] , the main features can be understood in terms of electron and hole transport in the potential minima and maxima of the SAW. This process is illustrated by figure 6 which shows the band diagrams of a semiconducting nanotube with the Fermi energy in the centre of the band gap for different phases of the wave. The band diagrams have been calculated using the method of [20] nanotube device with a source-drain separation equal to the SAW wavelength λ, as in figure 3 . Here we ignore screening by the nanotube charge carriers, and assume that the Schottky barriers for electrons and holes are equal, which is a good approximation for Ti contacted nanotubes. The band diagrams show how the SAW electrostatic field bends the conduction and valence bands of the nanotube 5 . As indicated by the arrows, it is assumed that when the bottom (top) of the conduction (valence) band is below (above) the Fermi level of the source contacts, electrons (holes) can tunnel into the nanotube. For the injection of charge to be possible, the SAW amplitude must therefore exceed a gate voltage-dependent threshold value. With the Fermi energy in the centre of the gap, as in the band diagrams of figure 6 , the conditions for electron and hole transport are the same and electrons and holes can tunnel into the moving potential wells (panels (a) and (e), respectively) when the SAW amplitude exceeds E gap /2. For a nanotube with diameter d = 2.5 nm, we obtain E gap = 0.34 eV which requires the SAW amplitude to exceed 0.17 V. Given the SAW amplitude of 0.12 < SAW < 0.42 as estimated in section 3, this condition is likely to be met, consistent with the observation of a SAW-induced current across the entire gate region at 20 dBm.
Note that exceeding this threshold is a necessary but not sufficient condition for effective charge injection. A strong enough field must also be present at the source contact to make the tunnel barriers transparent for electrons and holes. As the same condition determines the dc bias V sd required to drive a dc current ( figure 4) we can compare the SAW electric field to that due to an applied bias voltage. In our device a dc current flows above V sd ∼ 1.5 V, giving an average electric field of 1.5 V µ −1 m along the nanotube. The maximum electric field for an unperturbed SAW is given by E max = 2π SAW /λ which requires SAW = 0.24 V to reach the same value as the average dc field. This value is still well within our previous estimate of SAW . Moreover, figure 3 indicates that the actual field at the contacts for a given SAW amplitude is larger when the induced charges on the electrodes are taken into account.
The discussion so far assumed the Fermi energy to be in the centre of the insulating region. Since electrons and holes are then injected in the moving wells with equal probability no net current will result (see figure 6 ). If V g is made more positive from this point, however, the electron packets become bigger than the hole packets so that there will be a net positive current, as observed experimentally (see figure 5) . If V g is increased even further, into the n-type region, free carriers will eventually screen the SAW field and the description of transport in charge packets will no longer apply (the same holds for holes at large negative V g ). While the SAW field will still modulate the nanotube bands, its effectiveness in pumping of charge will be much reduced.
The observed SAW-induced current indeed shows distinct peaks at the edges of the insulating region, after which it drops dramatically (see figure 5(d ) ). The maximum number n max of electrons (or holes) that can be contained by a SAW potential well is approximately given by n max = C SAW /e, where C is the self capacitance of a section of the nanotube containing the charge packet. If we assume e/C ∼ 5 mV [22] and SAW = 0.2 V (within the estimate of section 3) we arrive at n max ∼ 40 which yields I SAW = n max ef ∼ 20 nA for f = 3.2 GHz. Thus, we can justify currents up to this order as occurring by the mechanism described.
Qualitatively similar behaviour to that described here has been observed in all measured devices. In particular, for sufficiently large SAW , the polarity of the current would always correspond to that expected from the direction of the SAW and charge carrier type (electrons or holes). Deviations have been observed for small SAW amplitudes (see section 7). It is important to note that an alternative transport mechanism by a rectified dc voltage can be excluded since any such voltage would not exceed SAW which is significantly smaller than the voltage threshold for dc conductance in the centre of the insulating region. Moreover, a rectification mechanism could not explain that in our device the current is not sensitive to a source-drain bias (not shown, see [12] ).
Finally, note that the small oscillations with a period of 4.3 MHz in figure 5(c) are due to interference between the SAW field and the radiated electromagnetic fields (cross-talk). As for the cross-talk oscillations observed in the transmittance between opposite transducers, f = v SAW /L which implies a length L between the transducers and carbon nanotube of ∼0.7 mm. This indeed corresponds with the geometry of the device. The devices can be operated such that the (relatively slow) SAW signal and radiated fields do not act simultaneously on the nanotube. This is achieved by pulsing the signal to the transducer, with appropriately short pulses (the SAW transit time is ∼0.3 µs for a SAW-nanotube distance of 1 mm). We have verified that the cross-talk oscillations disappear using this method.
Current quantization
As stated in the introduction, one of the main objectives of this work is the realization of an accurate current pump for use as a current standard. That is, a charge pump capable of delivering an accurate current in units of I = nef at GHz frequencies. Although plateau-like features have occasionally been observed in the devices discussed above (data not shown) the values of these current plateaus would be at seemingly arbitrary values. One possible reason for the absence of a clear quantized current in our devices could be the limitations imposed by the RC times of the contacts. For the device shown in figure 4 , for example, this would limit the tunnelling rate to about 10 GHz (R ∼ 10 M , C ∼ 10 aF), comparable to the 3.2 GHz SAW frequency, which is the rate with which the SAW packets need to be filled. Other reasons may be found in disorder/defects in the carbon nanotubes themselves or thermal fluctuations (our measurement temperature is relatively high at 5 K).
To eliminate any slow tunnelling process at the metal contacts, we have fabricated devices with Pd electrodes, known to give excellent p-type conductances, often close to the theoretical maximum of 4e 2 /h, as in [23] . In what follows we will discuss transport measurement on a Pd contacted nanotube with an apparent diameter of about 4.5 nm. Apart from the different contact material, the device geometry is similar to that of figure 1. Figure 7 shows a colour-scale plot of the current versus source-drain bias and gate voltage for this device in the absence of a SAW. As is clearly seen, the p-type conductance is orders of magnitude higher than the ntype conductance (which is only observable at considerable V sd ). For large workfunction metals like Pd, the Fermi energy at the edge of the nanotube is not situated in the bandgap but rather in the valence band; see figure 7(a). As the gate voltage is increased to positive values, the gate depletes the bulk of the nanotube of charge carriers ( figure 7(b) ) and eventually induces n-type conduction ( figure 7(c) ). Close to the contacts however, the gate action is less effective and the nanotube remains in a p-type state as demonstrated by Park and McEuen for Au contacted nanotubes [24] . This effectively separates the nanotube into three different sections (or quantum dots) for large positive V g . Since the nanotube is well coupled to the leads (in the on-state G ∼ e 2 /h) we expect the transport properties to be dominated by (tunnel barriers to) the n-type quantum dot in the centre of the nanotube.
The induced current in the presence of a SAW field is shown as a colour-scale plot in the inset of figure 7 versus frequency and gate voltage. The polarity of the current is as expected from the direction of the SAW and changes sign in the centre of the insulating region. This does not, however, apply to the region in the inset indicated by the dashed circle. Whereas one might expect a positive (electron) current only, the current is negative in a certain range away from the centre frequency. Note that the main effect of moving the frequency away from the resonance value (∼3.08 GHz) is to reduce the SAW amplitude. Interestingly, the current in this region is constant for a relatively large range of gate voltage, SAW amplitude and frequency, as shown in figure 8 . More importantly, the value of the current plateau is close to that expected for a quantized current, i.e. I = ef = 0.490 nA, for f = 3.06 GHz. If we distinguish between three regions (labelled A, B and C) in figure 8 then the current is close to ef for regions A and B. The current level in region C is not constant but rounded with a shoulder centred around ∼0.5 ef . To estimate the flatness of the plateau (in region B, area of the dashed rectangle, 180 data points) a histogram of current values is shown in the inset of figure 8(b) . A Gaussian fit has a centre peak at 0.482 nA and width of 25 pA. This is very close indeed (within 2 per cent) to the expected quantized value of 0.490 nA.
We emphasize that, as mentioned before, current plateaus (or shoulders) have occasionally been observed in other nanotube devices as well and at seemingly arbitrary values (non-quantized plateaus have also been reported in the literature; see [25] ). Given that only this data set (out of 3 Pd contacted nanotube devices) shows a plateau at ef makes it difficult to come to a definite conclusion. In other words, the current value observed here could still be coincidentally close to ef . On the other hand, what sets this plateau apart from any other observed by us (besides being at ef ) is that it is by a large margin the clearest in terms of the energy range (as deduced from V g or P SAW ) in which the measured current is a constant.
We will now describe two possible scenarios that could lead to current quantization in our devices.
The first scenario is similar to the pumping mechanism described in the previous section, i.e. transport of electrons/holes in a travelling potential well. The important difference would be that due to the Pd contacts the filling of the potential wells does not involve a slow tunnelling process (the contact resistance is 3-4 orders of magnitude lower as compared to the Ti device). It then follows that when a potential barrier is introduced by the gate (figures 7(b) and (c)) holes are captured and transported from the source to drain electrode in the moving potential maxima of the SAW. This is similar to GaAs-based SAW devices in which SAW-induced quantized electron currents are observed when a 1D channel (split gate) is operated beyond pinch-off [5] . Like these GaAs-based SAW pumps, one would expect a quantized current of ef over a range of SAW amplitude for which only one hole resides in each potential maximum (and plateaus at multiples of ef at higher SAW amplitude).
In the above picture, one would therefore expect to see quantized hole currents at a gate voltage corresponding to the situation shown in the schematics of figure 7(b), i.e. just inside the insulating gate region, at V g ∼ 22 V in the device. In the measurements, however, we observe the plateau deep inside the n-type region at V g ∼ 27 V at odds with such an interpretation. Furthermore, when starting at a plateau, one would expect the current to simply increase beyond ef when V g is made more negative and the potential barrier for holes is decreased. In the measurement, however, a fan shaped plateau is observed centred around a specific gate voltage (V g ∼ 27.14 V, see figure 8(a)), rendering this scenario an unlikely explanation for our data.
A second scenario that could lead to current quantization assumes a turnstile-like pumping mechanism. As mentioned before, current quantization (in the pA range) has been observed previously in single-electron tunnelling or quantum dot turnstile devices (see [3, 4, 7] ). In the experiments by Kouwenhoven et al [4] , for example, this was achieved by modulating the tunnel barriers of a quantum dot with two phase-shifted rf signals. While a quantum dot turnstile device usually operates with an applied bias, they also showed that even in the absence of a bias voltage one can induce a (quantized) current in either direction depending on the relative strength of modulation and phase difference of the two rf signals. Whereas for large SAW amplitudes charge transport will follow the direction of the SAW, a similar turnstile mechanism might explain the measurements in our nanotube device for small SAW amplitudes if transport is dominated by any of the p or n-type quantum dots of figure 7(c) and the main effect of the SAW field is to act on the tunnel barriers. Depending on how the SAW couples to the barriers and depending on the phase difference of the SAW field at the barriers (which would depend on the length of the quantum dot relative to the SAW wavelength), this could result in a quantization of the pumped current. A similar transport mechanism has also been invoked to explain the results for certain GaAs-based SAW pumps in which the current plateaus observed at large P SAW appeared to be directly related to (i.e. originate from) the Coulomb blockade oscillations of a static quantum dot [26] . Irrespective of the validity of this interpretation, which is still under debate [27] , the data reported by Fletcher et al clearly resemble the measurements presented here, including the feature around ∼0.5ef . Since we have little control over the size of the different quantum dots and their tunnel barriers it is difficult to confirm such a turnstile model for our device and additional experimental data are needed. Whatever the exact physical mechanism, this first observation of a current plateau at ef is an encouraging sign that reliable current quantization in SAWdriven carbon nanotubes might well be within experimental reach.
